Background
Introduction
disease as well as unilateral vs bilateral involvement at enrollment. Smear grades were used to estimate bacterial burden and classified as 1+, 2+ and 3+. At the time of enrollment, all active TB cases had no record of prior TB disease or prior anti-TB treatment (ATT). DM was diagnosed on the basis of oral glucose tolerance test and/or glycated hemoglobin (HbA1c) levels (for known diabetics), according to World Health Organization criteria. LTB diagnosis was based on tuberculin skin test (TST) and Quantiferon TB-Gold in Tube ELISA positivity, absence of chest radiograph abnormalities or pulmonary symptoms and negative sputum smear. A positive TST result was defined as an induration of at least 12mm in diameter to minimize false positivity due to exposure to environmental mycobacteria. NTB individuals were asymptomatic with normal chest X-rays, negative TST (induration < 5 mm in diameter) and Quantiferon ELISA results. No NTB individuals exhibited signs or symptoms of any associated lung or systemic disease. All individuals were BCG vaccinated, HIV negative had normal body mass index. The study groups were similar with regard to age and gender; the baseline characteristics of the study participants are shown in Table 1 . Standard ATT was administered to PTB-DM and PTB individuals using the directly observed treatment, short course (DOTS) strategy. At 6 months following ATT initiation, fresh plasma samples were obtained. All PTB-DM and PTB individuals were culture negative at the end of ATT.
ELISA
Circulating levels of HBD2 and HNP 1-3 were measured using Mybiosource ELISA kits. Cathelicidin (LL-37) was measured using Hycult biotech and Granulysin was measured using Duoset ELISA Development System (R&D Systems) in plasma samples. The lowest detection limits were as follows: HBD2, 15.6 pg/mL; HNP1-3, 0.625 ng/mL; LL-37, 0.1 ng/mL, Granulysin, 15 .625 pg/mL
Statistical analysis
Geometric means (GM) were used for measurements of central tendency. Statistically significant differences between the three groups were analyzed using the Kruskal-Wallis test with 
Results

Study population characteristics
The baseline characteristics including demographic and biochemical features of the study population are shown in Table 1 . As can be seen, compared to PTB, those with PTB-DM had significantly higher levels of random glucose, glycated hemoglobin, serum cholesterol and triglycerides. No significant differences were observed in age, sex, BMI, smear or culture grades at baseline between the 2 groups. The demographic and biochemical features of the other groups in the study, including LTB, NTB and DM are also shown in Table 1 .
Heightened circulating levels of cathelicidin, HBD2, HNP1-3 and diminished levels of granulysin in PTB-DM
To determine the systemic levels of circulating AMPs in PTB-DM and PTB, we measured the circulating levels of cathelicidin, HBD2, HNP1-3 and granulysin in PTB-DM, PTB, LTB and NTB individuals (Fig 1) . As shown, the circulating levels of cathelicidin (Geometric Mean of 3.9 ng/ml in PTB-DM vs 1.1 ng/ml in PTB, 0.23 ng/ml in LTB and 0.17 ng/ml in NTB), HBD2 (GM of 72.6 pg/ml in PTB-DM vs 28.2 pg/ml in PTB, 13.3 pg/ml in LTB and 3.8 pg/ml in NTB) and HNP1-3 (GM of 6.3 ng/ml in PTB-DM vs 3.8 ng/ml in LTB and 2.2 ng/ml in NTB) were significantly higher in PTB-DM compared to PTB and/or LTB and NTB individuals. In contrast, the circulating levels of granulysin (GM of 38.8 pg/ml in PTB-DM vs 122.9 pg/ml in PTB, 158.3 pg/ml in LTB and 245.1 pg/ml in NTB) was significantly lower in PTB-DM compared to PTB, LTB and NTB individuals. Similarly, the circulating levels of cathelicidin and HNP1-3 were significantly higher and those of granulysin significantly lower in PTB compared to NTB individuals. Thus, PTB-DM is associated with elevated systemic levels of circulating AMPs, with the exception of granulysin.
Enhanced circulating levels of cathelicidin and HBD2 in PTB-DM compared to DM
To compare the systemic levels of circulating AMPs between PTB-DM and DM, we measured the circulating levels of cathelicidin, HBD2, HNP1-3 and granulysin in PTB-DM and DM alone individuals ( Table 2 ). As shown, the circulating levels of cathelicidin (GM of 3.9 ng/ml in PTB-DM vs 1.2 ng/ml in DM) and HBD2 (GM of 72.6 pg/ml in PTB-DM vs 5.2 pg/ml in DM) were significantly higher in PTB-DM compared to DM individuals. Thus, PTB-DM associated enhanced levels of AMPs are mainly related to TB disease.
Circulating AMPs are markers of disease severity and bacterial burdens in PTB-DM
To determine the association between the systemic levels of circulating AMPs and disease severity in PTB-DM, we measured the circulating levels of cathelicidin, HBD2, HNP1-3 and granulysin in PTB-DM individuals with unilateral vs bilateral disease and cavitary vs non- The values represent thte geometric mean (and the range).
https://doi.org/10.1371/journal.pone.0184753.t002 cavitary disease. As shown in Fig 2A , the circulating levels of cathelicidin (GM of 4.1 ng/ml in bilateral vs. 1.6 ng/ml in unilateral disease) and HBD2 (GM of 114.2 pg/ml in bilateral vs. 39.8 pg/ml in unilateral disease) were significantly higher in PTB-DM individuals with bilateral disease compared to those with unilateral disease. Similarly, as shown in Fig 2B , the circulating levels of cathelicidin (GM of 4.7 ng/ml in cavitary vs. 2.7 ng/ml in non-cavitary disease) were significantly higher in PTB-DM individuals with cavitary disease compared to those without.
To determine the association of circulating AMPs and bacterial burdens, we performed a correlation of the circulating levels of cathelicidin, HBD2, HNP1-3 and granulysin in PTB-DM individuals with smear grades. As shown in Fig 2C , both cathelicidin and HBD2 exhibited a significant positive correlation with smear grades in PTB-DM individuals, indicating a positive association of these factors with bacterial burdens. Thus, both disease severity and bacterial burden in PTB-DM is associated with elevated systemic levels of circulating AMPs.
Circulating AMPs are also markers of disease severity and bacterial burden in PTB To determine the association between the systemic levels of circulating AMPs and disease severity in PTB without DM, we measured the circulating levels of cathelicidin, HBD2, HNP1-3 and granulysin in PTB individuals with unilateral vs bilateral disease and cavitary vs. noncavitary disease. As shown in Fig 3A, the circulating levels of cathelicidin (GM of 2.7 ng/ml in bilateral vs. 1.3 ng/ml in unilateral disease) and HBD2 (GM of 61.2 pg/ml in bilateral vs. 17.5 pg/ml in unilateral disease) were significantly higher in PTB individuals with bilateral disease compared to those with unilateral disease. Similarly, as shown in Fig 3B, the circulating levels of cathelicidin (GM of 3.3 ng/ml in cavitary vs. 1.0 ng/ml in non-cavitary disease) and HBD2 (GM of 161.6 pg/ml in cavitary vs. 31.2 pg/ml in non-cavitary disease) were significantly higher in PTB individuals with cavitary disease compared to those without.
To determine the association of circulating AMPs and bacterial burdens, we performed a correlation of the circulating levels of cathelicidin, HBD2, HNP1-3 and granulysin in PTB individuals with smear grades. As shown in Fig 3C, cathelicidin ( but not the other AMPs) exhibited a significant positive correlation with smear grades in PTB individuals, indicating a positive association with bacterial burdens. Thus, both disease severity and bacterial burden in PTB is associated with elevated systemic levels of circulating AMPs.
Circulating cathelicidin and HBD2 exhibit a positive relationship while granulysin exhibits a negative relationship with HbA1c or fasting blood glucose levels in PTB To determine the association between systemic levels of circulating AMPs and glycemic control in PTB-DM and PTB, we examined the relationship between the circulating levels of cathelicidin, HBD2, HNP1-3 and granulysin in all PTB individuals with HbA1c levels ( Fig 4A) . As shown, the systemic levels of cathelicidin and HBD2 exhibited a significant positive relationship, while granulysin exhibited a significantly negative relationship with HbA1c levels in PTB individuals, indicating a significant association of these factors with poor glycemic control. Interestingly, even at the end of anti-TB treatment, the systemic levels of cathelicidin and HBD2 (and in addition, HNP1-3) exhibited a significantly positive relationship with HbA1c levels in PTB (Fig 4B) . To determine the association between systemic levels of circulating AMPs and glycemic control in PTB, we also examined the relationship between the circulating levels of cathelicidin, HBD2, HNP1-3 and granulysin in all PTB individuals with fasting blood glucose levels ( Fig 4C) . As shown, the systemic levels of cathelicidin and HBD2 exhibited a significant positive relationship, while granulysin exhibited a significantly negative relationship with fasting blood glucose levels in PTB individuals, also indicating a significant association of these factors with poor glycemic control.
Anti-tuberculosis treatment results in normalizes circulating levels of AMPs in PTB-DM and PTB
To determine whether the elevated levels of circulating AMPs are directly associated with TB disease, we determined the levels of these factors in PTB-DM and PTB individuals at baseline (pre-T) and at the end of 6 months of anti-tuberculosis treatment (post-T). As shown in Fig 5A, at the end of treatment, the circulating levels of cathelicidin (GM of 2.4 ng/ml at post-T compared to 3.9 ng/ml at pre-T) and HBD2 (GM of 28.5 pg/ml at post-T compared to 72.6 pg/ml at pre-T) were significantly diminished, while the circulating levels of HNP1-3 (GM of 2.4 ng/ml at post-T compared to 3.9 ng/ml at pre-T) and granulysin (GM of 28.5 pg/ml at post-T compared to 72.6 pg/ml at pre-T) were significantly increased compared to pre-treatment levels in PTB-DM individuals. Similarly, as shown in Fig 5B, the circulating levels of cathelicidin (GM of 0.74 ng/ml at post-T compared to 1.1 ng/ml at pre-T) and HBD2 (GM of 20.9 pg/ml at post-T compared to 28.2 pg/ml at pre-T) were significantly decreased, while the levels of HNP1-3 (GM of 5.4 ng/ml at post-T compared to 7.5 ng/ml at pre-T) were significantly increased at post-treatment compared to pre-treatment levels in PTB individuals. Thus, successful treatment of tuberculosis results in a trend towards normalization of circulating AMPs in PTB-DM and PTB.
Discussion
AMPs are an important component of the innate immunity to pathogens and are expressed mainly in phagocytic cells of the immune system, where they exert microbicidal activity against engulfed pathogens [11] . Many AMPs kill pathogens by disrupting the physical integrity the microbial membrane and/or by translocating across the membrane into the cytoplasm of bacteria to act on intracellular targets [9] . In addition to a direct antimicrobial effect, AMPs can regulate the immune response by a variety of mechanisms including chemotaxis, activation of antigen presenting cells and cytokine induction [12, 13] . Recent work has highlighted the importance of AMPs in host defense against TB [14] . In fact, AMPs have been proposed as an attractive therapeutic candidate for anti-mycobacterial therapy [10] . However, the role of The relationship between the plasma levels of cathelicidin (LL37), HBD2, HNP1-3 and granulysin and HbA1c levels was examined in all PTB individuals at the end of anti-TB treatment. (C) The relationship between the plasma levels of cathelicidin (LL37), HBD2, HNP1-3 and granulysin and fasting blood glucose (FBG) levels was examined in all PTB individuals at baseline. The data are presented as scatter plots with each circle representing a single individual. P values were calculated using the Spearman Rank Correlation.
https://doi.org/10.1371/journal.pone.0184753.g004
AMPs in TB-DM comorbidity has been little studied and hence, we sought to examine their role in this setting.
Cathelicidin is known to elicit a wide range of responses, including both pro-and antiinflammatory responses, chemoattractant activity, anti-infective activity in the form of induced expression of chemokines, pro-angiogenic activity and pro-apoptotic activity [7] . Cathelicidin is considered to be a key molecule for the control of TB. In vitro studies have clearly demonstrated a pivotal role for cathelicidin in the antimicrobial activity of human macrophages against M. tuberculosis [15] . Thus, in the presence of vitamin D and TLR2 stimulation, macrophages upregulate the expression of cathelicidin, which then exerts antimycobacterial activity [16, 17] . Also, vitamin D3 has been shown to induce autophagy in human monocytes/macrophages via the induction of cathelicidin [18] . In addition, cathelicidin expression in alveolar macrophages has also been demonstrated in TB infection [19] . Finally, the levels of cathelicidin has been to be elevated in the in the serum or bronchoalveolar lavage fluid of active TB [20, 21] .
In agreement with these reports, our study revealed that PTB individuals exhibited significantly higher systemic levels of cathelicidin compared to NTB individuals. In addition, our data also revealed a novel association of cathelicidin levels with the severity of TB disease (as estimated by the bilateral and cavitary disease) and with estimated bacterial burden. Finally, our data revealed that systemic levels of cathelicidin are significantly diminished in PTB individuals following successful ATT. Of additional interest was the find that cathelicidin levels were significantly elevated in PTB-DM individuals compared to PTB, LTB, NTB and DM alone individuals; that these levels were positively correlated with severity of disease and increasing bacterial burdens; that these levels also positively correlated with HbA1c and random blood glucose (indicating an association with poor glycemic control) and that these enhanced levels were significantly diminished following anti-TB treatment. These findings are in line with a previous report on cathelicidin levels being enhanced in PTB-DM individuals [22] , but differ from a study that showed decreased CAMP gene expression in these individuals [23] .
HBD2 is a human β defensin, which is expressed in epithelial cells and produced by monocytes, macrophages and dendritic cells [24] . The expression of HBD2 is typically induced by pro-inflammatory cytokines via NF-κB activation [25] . HBD2 is known to have pro-inflammatory effects with the ability to cause upregulation of chemokines, CXCL8 and CCL2 [26] . While HBD2 expression is induced in different cell types by mycobacterial infection [27, 28] , very little is known about the role of HBD2 in PTB or PTB-DM. Our data reveal that HBD2 levels are present at significantly enhanced levels in PTB-DM compared to the other groups, correlates with severity of disease and/or bacterial burdens in PTB and PTB-DM, exhibits a positive relationship with HbA1c levels and is significantly diminished following TB treatment in both PTB and PTB-DM. Thus, HBD2 appears to be associated with pathology and bacterial burdens in PTB-DM and could serve as an important biomarker for both severity of disease and therapeutic responses following treatment.
HNP1-3 are defensins, produced by neutrophils, monocytes, lymphocytes and natural killer cells [24] . They were shown to be capable of killing M. tuberculosis in vitro [29] and HNP1-3 levels were found to be elevated in plasma and BAL of active TB patients [30] . Our data reveals that HNP1-3 levels are present at significantly enhanced levels in PTB-DM and PTB compared to the other groups, do not correlate with severity of disease and/or bacterial burdens, do not exhibit a relationship with HbA1c levels and are significantly elevated following TB treatment in PTB-DM and PTB individuals. Thus, HNP1-3 levels appear to be associated with active PTB with or without DM, although not directly associated with either severity of disease or bacterial burden. The differences in the association of HBD2 and HNP1-3 with bacterial burdens might be related to the source of these anti-microbial peptides or their site of production.
Granulysin is a protein found in granules of CD8+ T cells and exhibits antimicrobial activity against M. tuberculosis in vivo and in vitro [31] . It was first shown to kill extracellular M. tuberculosis directly by altering the membrane integrity and to decrease the viability of intracellular bacteria in combination with perforin [31] . It was later shown that granulysin levels are diminished in adult and pediatric TB, a modulation that is reversible with ATT [32, 33] . Our data recapitulate those results and show that circulating granulysin levels were indeed lower in PTB-DM and PTB individuals and that these levels could be enhanced (at least in PTB-DM) by ATT. Thus, among the AMPs examined in this study, granulysin was the one factor that was observed to present at diminished levels in active TB. In addition, granulysin levels exhibited a negative correlation with HBA1c and fasting blood glucose, indicating that granulysin levels were also influenced by glycemic parameters in PTB-DM.
Our data on AMPs overall suggest that modulation and upregulation of AMPs is a typical characteristic of TB-DM co-morbidity. Our data also add to the growing list of evidence indicating heightened immune activation in this immune-metabolic nexus. It is therefore important to study in the expression of AMPs in primary cells under conditions mimicking DM, PTB and PTB-DM in the future. AMPs appear to act as reliable and reproducible biomarkers for therapeutic monitoring of TB-DM disease. Finally, our study reinforces the suggestion that TB-DM co-morbidity is characterized by systemic immune activation, mostly driven by poorly controlled hyperglycemia. 
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